Abstract: 28
The Colorado potato beetle (CPB), Leptinotarsa decemlineata (Say), is an agricultural pest of 29 solanaceous crops which has developed insecticide resistance at an alarming rate. Up to this point, little 30 consideration has been given to unintended, or inadvertent effects that non-insecticide xenobiotics may 31 have on insecticide susceptibility in L. decemlineata. Fungicides, such as chlorothalonil and boscalid, are 32 often used to control fungal pathogens in potato fields and are applied at regular intervals when L. 33 decemlineata populations are present in the crop. In order to determine whether fungicide use may be 34 associated with elevated levels of insecticide resistance in L. decemlineata, we examined phenotypic 35 responses in L. decemlineata to the fungicides chlorothalonil and boscalid. Using enzymatic and 36 transcript abundance investigations we also examined modes of molecular detoxification in response to 37 both insecticide (imidacloprid) and fungicide (boscalid and chlorothalonil) application to more 38 specifically determine if fungicides and insecticides induce similar metabolic detoxification mechanisms. 39
Both chlorothalonil and boscalid exposure induced a phenotypic, enzymatic and transcript response in L. 40 decemlineata which correlates with known mechanisms of insecticide resistance. 41 fungicides, which are frequently co-applied to potato crops. If such cross-resistance does occur between 89 select fungicides and insecticides used in potato crop culture, the genes activated could lead to more 90 prevalent, or hastened insecticide resistance. 91 Patterson et al. found that exposure to the fungicide phosphite (Phostrol®, Nufarm Americas 92 Inc., Alsip, IL) had a negative effect on L. decemlineata larval fitness and survival when larvae were fed 93 treated leaves 13 . In particular, the authors reported that the phosphite-treated potato extended larval 94 development times and increased immature mortality. These results complement our working 95 hypothesis and suggest that select fungicides may represent a selection factor, substantiating an 96 inadvertent link between L. decemlineata insecticide susceptibility and fungicide use patterns that favor 97 selection for resistant individuals via direct selection pressure 13 . Obear et al. further demonstrated in 98 the soil-dwelling grub species, Popillia japonica, that genes known to metabolize insecticides are 99 activated in the presence of fungicides, such as glutathione S-transferase (GST), an enzyme that can 100 catalyze the conjugation of glutathione to a xenobiotic compound rendering it more easily excreted 14 . 101
This result also demonstrates the potential for both fungicides and insecticides to activate similar 102 genetic pathways of resistance in pest species that metabolize unrelated chemical toxins. 103
In the current study, our overarching goal was to investigate whether fungicide exposure affects 104 the phenotypic response of L. decemlineata to insecticides. We hypothesize that fungicides have a 105 negative impact on L. decemlineata larval fitness, fungicides and insecticides can induce similar non-106 specific molecular detoxification mechanisms, and prior exposure to fungicides will impact the 107 diet of field-relevant rates of either chlorothalonil or boscalid did not consistently gain weight and 126 comparatively lost weight at time points following exposure (p<0.05), (Fig. 1) . The assay was concluded 127 after 72 hours because of the high mortality in both the chlorothalonil and boscalid groups (Fig. S1) . 128 129 A one-time, acute exposure to chlorothalonil or boscalid did not impact weight gain in second instar 130 larvae at most time-points measured (Fig. 2) . However, weight gain after the topical application of 131 chlorothalonil slightly, but significantly, decreased when compared to control at 24 (p=0.0008) and 144 132 (p=0.0237) hours after exposure. Weight gain after the topical application of boscalid slightly, but 133 significantly, decreased 72 hours after exposure compared to the control (p=0.0165). Larval mass was 134 tracked through the four instar molts as there was little mortality in all groups. 135 136
Imidacloprid Median Lethal Dose Assay 137
Methodology was successfully developed for a treated leaf disk feeding assay to assess the median 138 lethal dose (LD 50 ) of imidacloprid on the four larval and the adult life stages of L. decemlineata. Half 139 lethal dose values for the 4 instar stages of beetles varied greatly. While there was statistical overlap 140 between some life stages, trends in the data suggest that the first instar population was the most 141 susceptible to imidacloprid while the adult stage was the least susceptible. LD 50 values for each life 142 stage, including the slope of the regression, 95% confident intervals, and chi-square values are 143 presented in Table 1 . 144 145
Phenotypic Response to Imidacloprid after Prior-Exposure to Fungicides 146
A field relevant, single application (prior-exposure) of either chlorothalonil or boscalid altered the 147 phenotypic response of 2 nd instar L. decemlineata larvae to imidacloprid (Table 2) . While the 95% 148 confidence intervals overlap, trends in LD 50 estimates suggest that prior-exposure to chlorothalonil 149 decreased larval sensitivity to imidacloprid at both 2 and 6 hour time-points after topical application. In 150 contrast, prior-exposure of L. decemlineata to boscalid comparatively increased imidacloprid sensitivity 6 153
Glutathione S-Transferase Assay and Differential Transcript Abundance Analysis 154
Boscalid, chlorothalonil, and imidacloprid significantly (p<0.05) increased glutathione S-transferase 155 activity within L. decemlineata when compared to individuals fed untreated foliage. No glutathione S-156 transferase activity was detected in individuals fed untreated foliage. Levels of glutathione S-transferase 157 induction rose significantly among groups of L. decemlineata exposed to either boscalid, chlorothalonil 158 or imidacloprid ( Fig. 3) . Specifically, boscalid and imidacloprid induced significantly higher glutathione S-159 transferase activity in L. decemlineata when compared to chlorothalonil (p=0.0034 and p=0.0004 160 respectively) or control (p=0.0001 and p<0.0001 respectively), but were not significantly different from 161 one another (p=0.2721). Chlorothalonil also induced significantly higher glutathione S-transferase 162 activity in L. decemlineata when compared to control (p=0.0401). (chlorothalonil and boscalid) are higher in eastern and midwestern potato production regions when 177 compared to the western potato production regions (Fig 4) . The propensity of fungicides to induce the activation of molecular detoxification mechanisms in 181 L. decemlineata is not well understood. Further, the ability of these fungicides to activate the same 182 detoxification mechanisms that act on commonly used insecticides has not been well studied in the L. The multi-site contact fungicide Chlorothalonil, first registered in 1966, has been a mainstay of 200 fungicidal protection 17,18 . Unfortunately, insect taxa in the agricultural field have also been exposed to 201 chlorothalonil since 1966, allowing for 51 years of exposure to this xenobiotic to induce and activate 202 many of the same genetic mechanisms that L. decemlineata use to detoxify insecticides. Boscalid, a 203 carboxamide, with a targeted MoA of inhibiting succinate-dehydrogenase, was introduced more 204 recently in 2003 18,19 and has similar potential to inadvertently interact with insect populations. This 205 compound has also been repetitively sprayed at high, labeled rates throughout potato production 206 regions. The risk for fungal, bacterial and oomycete infections and their associated diseases in potato 207 crops are the principal reasons for the prophylactic application of multiple fungicidal chemistries 208 throughout the growing season. Although disease forecasting tools are regularly consulted to determine 209 the risk for the occurrence or onset of these pathogens, once these established thresholds have been 210 surpassed, serial applications of protective fungicides usually ensue. Moreover, as annual precipitation, 211 humidity levels, and leaf wetness estimates are higher in Eastern and Midwestern potato production 212 regions, the number of fungicidal applications increases sharply compared to western production 213 regions. Concomitantly, there is considerable variation in the occurrence of insecticide resistance within 214 and among populations of L. decemlineata across similar geographic regions of the US 6,20 . Most notably, production regions possess higher levels of measured insensitivity (resistance) to several insecticides 217 when compared to populations in Western production regions 5 . Specifically, sampled L. decemlineata 218 populations from Idaho were 37X more susceptible to imidacloprid than populations collected in Maine 219 5 . 220 Figure 4 illustrates a more direct comparison of differences in the relative amounts of active 221 ingredient applied and the frequency of application of fungicides and insecticides for eight major potato 222 producing states from 1994-2014 15 . In Eastern (ME) and Midwestern (MI, WI, MN, and ND) potato 223 production regions, it is common to have 5-7 foliar applications of fungicides in a single season, while 224 the Northwestern region (WA, ID, and CO), has far fewer foliar applications ( Fig. 4B) . During seasons 225 with high disease potential, Eastern and Midwestern crops may receive up to 10-12 successive, fungicide 226 applications 21, 22 . While there is a clear trend in increased applications of fungicides in Midwest and 227
Eastern regions when compared to the arid West, the overall amount of neonicotinoid insecticide 228 applied to potato over this same interval remains relatively constant ( Fig. 4A) . 229 We hypothesize that greater levels of insecticide resistance to commonly used insecticides in 230 the Midwest and Eastern potato production regions of the United States may be a consequence of 231 higher and concomitant fungicidal inputs in these regions. Using a naive field-collected population of L. 232 decemlineata, we demonstrated that fungicides have a significant impact on the fitness of this insect 233 taxa and have the potential to induce multiple molecular detoxification mechanisms which are also 234 utilized by L. decemlineata to combat insecticide treatments. By documenting that widely-used 235 fungicides can induce similar detoxification mechanisms, we may be in a better position to modify best 236 management practices to limit pesticide resistance in multiple insect taxa, including L. decemlineata. 237
From these investigations, we demonstrate the effects of acute (one-time application) and 238 chronic (continuous) fungicide exposure at field relevant rates on a susceptible population of L. 239
decemlineata. Throughout the current study, we focused on larval stages of L. decemlineata, as they are 240 the target for many insecticides and are arguably the main life stage responsible for direct defoliation 241 and plant damage. The design of the study was to mimic two possible field relevant scenarios. As 242 fungicides are typically applied via foliar application, immature insects will necessarily be exposed to 243 these residues on foliage. As a result, we investigated the effects of an acute, one-time topical 244 application of fungicide. Here we observed that a one-time, acute dose had little observable effect on 245 larval development. We next tested the effect of chronic exposure, where application would be evenly 246 distributed throughout the field and growing season over successive time points. In our investigations, 247 the chronic exposures have the potential to significantly influence larval fitness as evidenced by strong 248 reductions in larval weight gain and arrested development. These observations suggest that larvae 249 would have to adapt to survive these chronic and repetitive fungicidal inputs, as field populations are 250 prolific in Midwestern and Eastern potato producing regions where these, and other fungicides, are 251 regularly applied. 252
To determine whether prior-exposure of fungicides can change the phenotypic response of L. 253 decemlineata to insecticides, we developed and subsequently implemented a novel, median lethal dose 254 (LD 50 ) feeding assay. Specifically, multiple doses of imidacloprid were topically applied to leaf disks using 255 acetone as a carrier solution and all of the acetone was allowed to evaporate prior to infestation. The 256 area of the leaf disk (e.g. 0.13 cm 2 ) used for these investigations was designed to be less than the 257 average consumption rates typical for an early instar larva over a 24 hour period. In this way, test insects 258 consistently consumed the entire leaf disk over the 24 hour exposure interval. For the lower, sub-lethal 259 doses, this was always the case, but as larvae were exposed to increasingly higher doses, mortality often 260 occurred before complete consumption of the leaf disk. From these observations, we still concluded 261 that the doses would have been lethal if the entire disk had been consumed. Using different doses of 262 imidacloprid, we accurately determined the LD 50 values for the naïve field strain of L. decemlineata 263 population used in these investigations (Arlington Agricultural Research Station population, Arlington, 264 WI), and across all larval instar stages and the adult stage. Even though there was a slight overlap in 95% 265 confident intervals, we demonstrated that the amount of insecticide required to result in median 266 mortality varied among different life stages. From these results, we chose to focus on the 2 nd instar 267 larval stage to further examine whether prior-exposure to chlorothalonil or boscalid would influence the 268 phenotypic response of early larvae to imidacloprid as measured by LD 50 estimates at both 2 and 6 hours 269 after exposure to the fungicide. A relatively short time course was chosen to mimic field relevant topical 270 exposure to fungicides, and corresponding feeding on insecticide treated foliage. Prior-exposure to the 271 fungicide resulted in unique trends in phenotypic response to imidacloprid. A prior-exposure to boscalid 272 markedly decreased the amount of imidacloprid required to kill half the test population, whereas prior-273 exposure to chlorothalonil resulted in an elevated level of insecticide required to kill half of the test 274 population. While again there was a slight overlap in 95% confident intervals, trends in these data 275 suggest that chlorothalonil and boscalid can differentially influence the relative fitness of L. The activation of nonspecific enzymes, which attack functional groups rather than the specific 279 molecules, are induced by both chlorothalonil and boscalid. One such nonspecific enzyme is a phase 2 280 conjugating protein known as glutathione S-transferase. Glutathione S-transferase can catalyze the 281 conjugation of glutathione to a xenobiotic compound rendering it more easily excreted, and in turn, less 282 toxic 23 . We detected significantly elevated levels of glutathione S-transferase induced by chlorothalonil, 283 boscalid and imidacloprid compared to a control (Fig. 3) . The upregulation of a specific enzyme which 284 metabolizes pesticides indicates that fungicides may play a role in increasing pesticide resistance in L. 285 decemlineata. We identified 6 other potential genetic targets that have been suggested to play a role in 286 insecticide resistance in L. decemlineata 8,9 , a cuticular protein, a glutathione synthetase, and four 287 cytochrome p450s. While the targets that were chosen are only a small fraction of those which encode 288 potential mechanisms of detoxification, many of the targets have been previously shown to be 289 constitutively upregulated in insecticide resistant populations of L. decemlineata in Wisconsin 8,9 . After 290 exposure to chlorothalonil, boscalid, or imidacloprid, we observed significant trends in transcript 291 regulation in two of the genetic targets. The first was the glutathione synthetase, which is a vital enzyme 292 in glutathione production. Chlorothalonil, boscalid, and imidacloprid all upregulated the transcripts 293 corresponding to this enzyme, suggesting that select fungicides and the insecticide imidacloprid are 294 inducing this enzyme to increase glutathione for glutathione S-transferase metabolism. The second was 295 the downregulation of transcript (115309) corresponding to a cytochrome p450 9Z26. Both boscalid and 296 chlorothalonil significantly down regulated theses transcripts, and imidacloprid also trended towards 297 down regulation. It is commonly known that insects have cost-benefit tradeoffs in enzymatic activation, 298 and enzymatic detoxification requires energy expenditure, and while certain transcripts are upregulated, 299 others will be down regulated as a response 24 . Importantly, fungicides and imidacloprid are influencing 300 transcript abundance after exposure in a similar manner. 301
This study demonstrates the phenotypic effects that chlorothalonil and boscalid have on L. 302 decemlineata 2 nd instar larvae, including the effect of prior-exposure to fungicides that led to changes in 303 the relative toxicity of the insecticide imidacloprid. We have further demonstrated the induction of 304 similar non-specific detoxification mechanisms between fungicides and insecticides through enzymatic 305 assays and transcript abundance studies. Although these results support our hypothesis that prior 306 exposure to fungicides may be influencing interactions between L. decemlineata and insecticides, more 307 work is required to better understand the specific mechanisms. RNA sequencing experiments examining 308 the overall transcript abundance induced by similar xenobiotic pesticides will be vital to examine these 309 important genetic responses. Furthermore, other environmental and human inputs, such as herbicides, 310
insecticides, and fertilizers, may also drive insecticide resistance to varying degrees, and need to be 311 taken into account when inferring the relative contributions of these investigations in the evolution of 312 insecticide resistance. The data presented here were obtained from larvae representing a susceptible 313 field population maintained as laboratory strain. The naïve, susceptible strain provides a baseline for 314 future investigations, however, future studies could extrapolate more data by expanding similar 315 methodology onto an insecticide resistant field population and confirming transcript abundance for 316 similar genetic mechanisms. 317
As growers and pest managers face the risk of increasingly resistant insect pest populations, 318 they need to understand the ramifications of the chemical inputs commonly used in agricultural fields. 319
Our study demonstrates that select xenobiotic inputs have an effect outside of their targeted species. 320
Furthermore, the fact that the fungicidal programs have been implemented for more than 50 years in 321 select areas of the US suggest that any arthropods exposed to these chemistries have had substantial 322 time to adapt. We suggest that some fungicides may be partially contributing to measured levels of 323 insecticide resistance in L. decemlineata by demonstrating that fungicides have a significant fitness cost 324 on L. decemlineata larvae, activate non-specific detoxification mechanisms, and influence the 325 phenotypic response to the insecticide imidacloprid. Furthermore, growers should consider the impact 326 of these multi-site mode of action fungicides in advance of insecticidal applications, as general 327 molecular detoxification mechanisms will likely be activated from the fungicide, rendering the 328 insecticides less effective in future applications. Feeding bioassays were developed to generate estimates of the median lethal dose (LD 50 ) to 374 imidacloprid. In 12 well, Falcon microplates, replicate sets of 0.13 cm 2 leaf disks were placed upon a 375 damp sponge covered by a piece of filter paper. The sponge and filter paper were arranged to take up 376 approximately ½ of the volume of each well and were used to maintain a high level of humidity. A single 377 L. decemlineata was placed into each well. Immediately prior to placement of the insect, 1 µl aliquots of 378 technical grade imidacloprid (Bayer Crop Science, Kansas City, MO) in acetone ranging between 0 to 0.39 379 µg imidacloprid were applied to leaf disks (n=4-6 per dose). After application to the leaf disk, the 380 acetone was allowed to evaporate leaving only the insecticide residue before the insect was placed in 381 the well. Each insect was given the opportunity to consume the leaf disk over a 24 hour period and 382 percent mortality was observed. Assay plates were held at 26°C, 70% RH, and a 16:8 (L:D) photoperiod. 383 384 Adult L. decemlineata mortality was determined by presenting the beetle the opportunity to climb a 385 pencil: if they could move a full body length they were considered alive, if they appeared alive, but could 386 not move a body length then they were considered incapacitated, and if they had no movement, even 387 after pinching metathoracic legs with tweezers, they were considered dead 26 . To determine larval 388 mortality, each larva was inverted onto its dorsal side. Unaffected larvae could invert themselves within 389 20 seconds, incapacitated larvae could not invert themselves within 20 seconds and dead larvae showed 390 no movement. Incapacitated and dead individuals were pooled and LD 50 values were calculated using 391 probit regression analysis (PROC PROBIT, SAS Institutes). 392 393
Phenotypic Response to Imidacloprid after Prior-Exposure to Fungicides 394
To determine if prior-exposure to fungicides could influence the phenotypic response to imidacloprid, a 395 total of 264, second instar larvae were initially sorted. Upon initiation of the experiment (t=0), 132, 396 second instar larvae were topically dosed with 1 µl of a field relevant concentration of either 397 chlorothalonil (6.9 µg/µl in acetone) or boscalid (13 µg/µl in acetone) (132 individuals per fungicide). 398
Specifically, 1 μL of solution was topically applied to the dorsal surface of the larva's abdomen and 399 allowed to completely absorb through the cuticle, as described previously. After topical application, 400 larvae were placed in an incubator at 26°C, 70% RH for 2 and 6 hour periods. At each of these 401 corresponding time points, 66 larvae were removed representing each fungicide treatment and an 402 imidacloprid LD 50 feeding bioassay was subsequently conducted as previously described. Median lethal 403 dose estimates were calculated using probit regression analysis (PROC PROBIT, SAS Institutes). 404 405 Glutathione S-Transferase Assay and Differential Transcript Abundance Analysis larvae were broken into 4 groups (n=24/group). Individual larvae were placed in a single well of a well, flat-bottom plate containing a leaf disk (0.13 cm 2 ) with either a dried acetone control, 13 µg of 410 boscalid, 6.9 µg of chlorothalonil, or 0.000078 µg imidacloprid. Larvae were fed treated leaf disks over a 411 24 hour time period, after which time they were sorted into 6 biological replicates of 4 pooled 412 individuals representing each experimental group. Three replicates (n=4 pooled individuals/replicate) for 413 each group were later used for a glutathione S-transferase activity assay while the remaining 3 414 replicates (n=4 pooled individuals/replicate) for each group were used for transcript abundance analysis. 415
To determine glutathione S-transferase activity, whole larvae were sacrificed and tissue was 416 homogenized according to Cayman Chemicals, Glutathione S-Transferase assay kits instructions (Cayman 417 Chemicals, Ann Arbor, MI). A bicinchoninic acid assay (BCA assay) (ThermoFisher Scientific, Waltham, 418
MA) was run to standardize protein concentrations between the tissue homogenates. A Glutathione S-419
Transferase assay was then conducted according to the kit guidelines (Cayman Chemicals, Ann Arbor, 420 MI). Readings below the detection limit were recorded as zero. A one-way ANOVA with a Tukey post-hoc 421 analysis was run to determine significant changes in activity, with p<0.05 considered significant. 422 Transcript abundance of six target genes previously shown to be up-regulated in imidacloprid-resistant 423 populations of L. decemlineata were examined to observe if prior exposure to fungicides could also 424 induce similar transcripts 8, 9, 27 . Total RNA was extracted from each larval group with Trizol (Life 425 Technology, Grand Island, NY). DNA contamination was removed with TurboDNase (Life Technology, 426
Grand Island, NY, USA) and total RNA was purified through EtOH precipitation, air dried until no visible 427 liquid was observed, and then suspended in 50 µL DNase/RNase-free H 2 O. All RNA concentrations were 428 equalized before input into the cDNA synthesis kit, and the subsequent cDNA was generated with a 429 Super Script III kit (ThermoFisher Scientific). The cDNA was diluted to a final concentration of 5 ng/µL 430 RNA equivalent input for qPCR. Rp4 was used as a reference gene in the analysis 28 . The qPCR reaction 431 was run on a CFX-96 platform (Bio-Rad Laboratories, Hercules, CA, USA) with a master mix of Bullseye 432 EverGreen (MIDSCI, Valley Park, MO, USA). The qPCR reactions were conducted using the Pfaffl 433 efficiency calibrated methodology; primer and primer efficiency (amplification efficiency of reactions as 434 described by Pfaffl 29 ) are found in the supplementary information (Table S1 ). Triplicate reactions were 435 run at 95 °C for 10 min, followed by 95 °C for 15 s, and 62 °C for 60 s for a total of 40 cycles. Mean Ct 436 values (Table S2) were collected for each biological replicate and fold change estimates between the 437 non-xenobiotic exposure and the three pesticides were calculated. 438
To determine the relationship between fungicide and insecticide use in US potato, we compiled publicly 441 available potato-specific pesticide use data reported in the USDA National Agricultural Chemical Use 442 Survey from 1994-2014 15 . For this period, we first analyzed application reports for three neonicotinoids 443 targeting L. decemlineata (clothianidin, imidacloprid, thiamethoxam) and two common foliar fungicides 444 studied here (boscalid, chlorothalonil). To determine the frequency of potential fungicide exposure, we 445 summarized the average number of applications of boscalid and chlorothalonil for major producing 446 states over the 21 y period. We also calculated the average pounds active ingredient per hectare for 447 these potato fungicides and insecticides. Annual estimates for application number and amount sprayed 448 were summed across active ingredients within both pesticide group. 
